Amino acids play numerous roles in the central nervous system, serving as neurotransmitters, neuromodulators and regulators of energy metabolism. The free amino acid profile in serum of Parkinson's disease (PD) patients may be influenced by neurodegeneration, mitochondrial dysfunction, malabsorption in the gastroenteric tract and received treatment. The aim of our study was the evaluation of the profile of amino acid concentrations against disease progression. We assessed the amino acid profile in the serum of 73 patients divided into groups with early PD, late PD with dyskinesia and late PD without dyskinesia. Serum amino acid analysis was performed by high-pressure liquid chromatography with fluorescence detection. We observed some significant differences amongst the groups with respect to concentrations of alanine, arginine, phenylalanine and threonine, although no significant differences were observed between patients with advanced PD with and without dyskinesia. We conclude that this specific amino acid profile could serve as biochemical marker of PD progression.
Introduction
Parkinson's disease is a progressive neurodegenerative disorder of unknown origin. Mitochondrial dysfunction, oxidative stress, environmental and genetic factors contribute to its development. Progressive loss of nigrostriatal dopaminergic neurons as well as noradrenergic, cholinergic and serotoninergic neurons leads to development of PD symptoms. PD patients develop problems with gastric tract motility. Increased muscle tone, dyskinesia and tremor combined with impaired digestion may lead to malnutrition [1] [2] [3] [4] [5] . Early amino acid-related research in PD was mainly performed with high-pressure liquid chromatography with fluorescence detection. More recently, mass spectrometry techniques have been used to analyze a larger number of amino acid compounds as well as their derivatives and dipeptides, allowing for a better understanding of this disorder [6, 7] .
Changes in serum or plasma concentrations of amino acids such as glutamate, homocysteine and large neutral amino acids (LNNA-tyrosine, phenylalanine, tryptophan or branchedchain amino acids) have been reported. Homocysteine in PD may be elevated due to levodopa a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 treatment [8] . This may be associated with PD dementia, endothelial dysfunction, increased risk of atherosclerosis and development of neuropathy in PD patients treated with levodopa [9] [10] [11] [12] . An increase of plasma homocysteine in levodopa-treated patients is caused by the methylation of L-DOPA to 3-orto-methyldopa (3-OMD) in a reaction catalyzed by catechol-O-methyl transferase (COMT). This reaction requires S-adenosylmethionine (SAM) as a methyl donor group that is converted to S-adenosylhomocysteine (SAH) which is further converted to homocysteine, resulting in hyperhomocysteinemia [13] . According to some studies, other antiparkinsonian medications-COMT inhibitors-may reduce homocysteine concentration and can be applied in the clinical management of this complication [14, 15] .
Glutamate and glutamine concentrations were previously assessed in PD patients. The results of studies on the concentrations of glutamate in PD were equivocal, reporting either higher glutamate concentration in serum of PD patients vs controls [16, 17] or no difference between PD patients and controls [18] . In CSF, glutamate concentration was described to be either lower in PD than in controls [18] or similar [17, 19] . Glutamate is one of three amino acids involved in synthesis of glutathione, along with cysteine and glycine. Glutathione is a tripeptide which exists in both reduced and oxidized forms. The ratio of these two forms determine the cellular redox status, which can be used as a marker of antioxidative capacity. High glutathione concentrations protect mitochondria from damage. Low glutathione concentrations may inhibit mitochondrial complex I that causes mitochondrial dysfunction and contributes to the pathogenesis of PD [20] . While some studies on the plasma levels of glutathione in PD patients vs healthy controls revealed no significant differences [21] , other studies found total plasma glutathione to be lower in patients with severe PD than in controls [22] . CSF levels of glutathione are also described to be lower in PD, and the authors hypothesize that this may reflect a diminished capacity for protection against oxidative stress [23, 24] . An immediate decrease in cysteine and dipeptide cysteinyl-glycine concentrations was observed after levodopa intake, which was thought to be an indication of increased glutathione synthesis due to oxidative stress [20, 25, 26] . Post-mortem studies on glutathione levels in PD brain report reduced glutathione levels in substantia nigra [27, 28] .
Levodopa is known to compete with LNAAs in crossing the blood-brain barrier by the Ltype amino acid carrier [29] . It was even proven that very high concentrations of these amino acids may block up to 90-100% of levodopa from crossing the blood-brain barrier [30] . Therefore, changes in concentrations of these amino acids could possibly influence the bioavailability of levodopa. However, a study by Nutt et al. reports relatively small variation in daily plasma LNAA levels in comparison with large variations in plasma levodopa. The authors conclude that fluctuations in LNAAs are not an important contributor to the fluctuating response to levodopa [31] . A recent study by Hirayama et al. revealed high phenylalanine levels in de novo PD patients, but not in treated ones [32] . In contrast, tyrosine was described to be slightly lower in treated patients, but not in de novo patients. This difference was not significant.
The purpose of our study was to evaluate how different stages of PD and received dopaminergic treatment may affect the free amino acid profile in the serum of PD patients.
Materials and methods

Patients
Our study included 73 PD patients in the early stages of the disease (early PD group, ePD) or advanced stages of the disease (advanced PD group, aPD). The ePD consisted of 22 patients with unilateral or mild bilateral involvement (stage 1-2 on the Modified Hoehn and Yahr rating scale), lack of motor complications from levodopa treatment and a disease duration of less than 3 years. There were four de novo patients in the ePD group who were not yet receiving any PD treatment. The aPD with levodopa induced dyskinesia (aPD LID+) group consisted of 28 patients with moderate or severe bilateral involvement, motor complications and a disease duration of more than 3 years (3-5 on the Modified Hoehn and Yahr rating scale in off period). The aPD without dyskinesia (aPD LID-) consisted of 23 patients with similar clinical features but no LID. PD diagnosis was made based on UK Brain Bank Criteria. General characteristics of the group are described in Table 1 .
Exclusion criteria included treatment with selegiline, rasagiline, cholinolytics, amantadine, COMT-inhibitors and neuroleptics within the past 3 months or implantation of deep brain stimulation electrodes. Only patients receiving dopaminergic treatment for PD (dopamine receptor agonists and levodopa) were included, to reduce influence of antiparkinsonian medications on amino acid concentrations. Patients with such concomitant disorders as dementia, alcohol abuse, liver damage, kidney failure, heart failure, autoimmunological disorders or other severe illnesses, as well as patients with unusual dietary habits (e.g. eliminating certain food groups from the diet) were also excluded.
The most frequently used drugs for comorbidities were ACE inhibitors and beta blockers (14% of patients included in the study, 10/73), statins (9.6%, 7/73), oral hypoglycemic agents (metformin, gliclazide-8.2%, 6/73) and amlodipine (6.8%, 5/73). Levothyroxine, sartans and acetylsalicic acid were taken by 5.5% (4/73) of patients, and diuretics (furosemide, torasemide, hydrochlorothiazide, indapamide) and propafenone by 4.1% (3/73) of patients.
Levodopa dose equivalent (LED) was calculated by summing up the total standard release levodopa dose (milligrams) and extended-release form dose multiplied by 0.75. Dopamine agonist LED was calculated for ropinirole by multiplying drug dose in milligrams by 20, for pramipexole by 100, for piribedil by 1.
The study has been approved by the Ethics Committee of the Medical University of Warsaw (KB/81/2013), and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. All participants signed informed consent form prior to their inclusion in the study. Participants were recruited between November 2013 and July 2016. We approached 90 patients from the movement disorders outpatient clinics of two Medical University hospitals and 73 agreed to participate in the study.
Sample collection
We evaluated serum basic amino acid profiles in our patients, including homocysteine, aspartic acid, glutamic acid, asparagine, serine, glutamine, glycine, threonine, citrulline, arginine, alanine, taurine, valine, methionine, tryptophan, phenylalanine, isoleucine, ornithine, leucine, lysine, proline, and tyrosine. 10 ml blood samples were obtained after 12 hours fasting and no treatment period. Only still water was allowed. The blood was taken before the morning dose of antiparkinsonian medications. aPD patients were, therefore, in their off period during blood sampling. Two aPD patients had their blood samples taken after less than 12 hours without medications, as they had very severe off periods, making them unable to visit the clinic otherwise.
Samples were centrifugated at 1500 x g for 5 min. Serum samples were aliquoted at 500 μl into Eppendorf tubes and subjected to instant freezing at -20˚C. Amino acid analysis was performed successively within 3 months from blood collection.
Analytical technique
Serum amino acid analysis was performed by high-pressure liquid chromatography reversedphase separation and fluorescence detection (Nexera X2, Shimadzu) using the gradient method (the mobile phase 1 with 40 mmol/l phosphate buffer (pH 7.8) and the organic mobile phase 2 with 45% acetonitrile + 45% methanol + 10% water). The method described by Schwarz et al. was used with own modification for the sample preparation [33] . Own modification included deproteinization with ultrafiltration rather than methanol. After deproteinization amino acids were derivatized with o-phthalaldehyde 3-mercaptopropionic acid (OPA). 9-fluorenylmethyl chloroformate (FMOC) was added for the secondary amino acids analysis. All amino acids were detected fluorometrically. OPA and FMOC derivatization was performed on-line prior to injection. Samples were separated on Phenomenex Gemini Column (C18, 5um, 15x4,6mm). Fluorescence conditions were: excitation = 340nm and emission = 460nm absorbance.
Statistical analysis
Statistical analysis was performed using Statistica version 13. As some of the amino acid concentrations were not normally distributed, all differences in these parameters between the three groups were assessed using The Kruskal-Wallis test by ranks and Dunn's Multiple Comparison Test. Correlations between amino acid concentrations and clinical features (disease duration, LED) were analyzed using the Spearman correlation coefficient.
Results
We observed significant differences in concentrations of alanine, arginine, phenylalanine, and threonine in the Kruskal-Wallis test (Table 2) . No significant differences were observed regarding other amino-acids (S1 Table) . Post hoc multiple comparison analysis with Dunn's test revealed significant differences between concentrations of threonine between the ePD and aPD LID-groups (p = 0.032). Arginine concentrations differed between ePD and aPD LID+ groups (p = 0.009) and between ePD and aPD LID-groups (p = 0.047). Alanine concentration differed significantly between ePD and aPD LID+ groups (p = 0.045). Phenylalanine concentrations were significantly different between ePD and aPD LID+ groups (p = 0.005). No significant differences were observed regarding amino acid concentrations between aPD LID+ and aPD LID-groups (Table 2, S1 Table) . Additionally, we calculated Spearman's rank correlation coefficient for the consolidated PD group (joint ePD, aPD LID+ and aPD LID-) to measure any correlation between amino acid concentrations and LED or disease duration. We observed that glutamate and threonine concentrations correlated with disease duration, but not with LED. The changes in concentrations of the remaining amino acids correlated with disease progression and dopaminergic treatment (Figs 1 and 2 ). These correlations were found to be weak but significant. The raw data underlying the findings of the study are presented in S2 Table.
Discussion
Existing research on changes in concentrations of amino acids in PD with respect to its duration and treatment is sparse. A recent study by LeWitt et al. described, among other findings, a combination of 15 plasma compounds, that best predicted change in the UPDRS II+III score, including changes in serine and taurine concentrations [6] . We did not find similar results, possibly due to differences in study design. Similarly, little is known regarding changes in serum or plasma amino acid concentrations in patients developing LID. A recent study by Havelund et al. describes changes in kynurenine pathway metabolism, i.e. increased 3-HK/ KYN and decreased 3HAA/ 3-HK and XA/3-HK ratios in the plasma of PD patients with LID [34] . No change in tryptophan concentration was observed, which is consistent with our results. We observed that higher serum concentrations of arginine, alanine, glutamic acid, and phenylalanine correlate with shorter disease duration and we found lower concentrations of these amino acids in patients with longer disease duration. Threonine concentrations were higher in patients with longer disease duration. Except for glutamate and threonine this change could also be related to symptomatic dopaminergic treatment (Fig 2) . The possible mechanisms of amino acid serum concentration changes in PD include 1) malabsorption and changes in amino acid metabolism, 2) effects of mitochondrial dysfunction and oxidative stress, 3) reflection of progressive neurodegenerative processes in the brain, and 4) effect of dopaminergic medications and aromatic L-amino decarboxylase inhibitors. Malabsorption of proteins in the gastroenteric tract may be caused by dysautonomiarelated worsened gastroenteric motility, competition with levodopa, and/or impairment in crossing the gut-blood barrier. Higher energy expenditure in the later stages of the disease, caused by more severe parkinsonian symptoms and drug-induced dyskinesia, may also influence protein levels and lead to malnutrition. Gastric emptying in PD is delayed, which can impair the absorption of proteins and amino acid intake from food in the small intestine [4] . It was also recently described that passage through the small intestine, where absorption of amino acids takes place, is slower in PD patients than in controls [3] . However, data on actual absorption of amino acids in PD is equivocal. It was described that absorption of phenylalanine and tyrosine is compromised in PD subjects compared with age-matched controls [35] . On the other hand, a study performed by Granerus et al. provided contradictory results, revealing no difference in absorption and elimination of these two amino acids between PD and control patients [36] . It would also be difficult to explain all changes in amino acid profile by referring to an increase in malabsorption with PD progression, as we observed no change in the levels of many amino acids in aPD compared to ePD (S1 Table) . The finding that only some amino acid concentrations change with respect to the stage of the disease suggests that dopaminergic treatment and/or disease progression may selectively affect their absorption and elimination, depending on their biochemical properties and role in protein synthesis.
We also found that the concentration of threonine was higher among aPD patients and that this was not related to dopaminergic treatment (p = 0.06) but dependent on disease duration (Figs 1 and 2) . Threonine has an established role in the synthesis of mucins, proteins that form a gel-like protective barrier on the intestine walls. It was described on the basis of pig models that up to 60% of threonine is retained in the gastroenteric tract to form mucins [37] . We can only speculate that a gradual increase in serum threonine may be related to a disruption of the mucin layer. Another explanation involves the role of threonine as an indicator of undernutrition. Threonine is an essential exogenous amino acid that helps to maintain a proper protein balance in the body. Threonine concentration decreases with limited supply of protein and increases during prolonged fasting [38, 39] . Undernutrition is especially linked to more advanced PD, as rated on the Hoehn and Yahr and UPDRS scales [2] . A study by Jaafar et al. found that almost a quarter of their PD patients' cohort was at medium or high risk of malnutrition [1] .
We found lower serum concentrations of arginine in late PD LID+ and LID-patients compared to the early PD group. We can speculate that a shift in arginine concentrations may also be linked to oxidative stress. The y+ system transports arginine into the CNS, enabling nitric oxide (NO) synthesis [40] . Thus, a reduction of seral arginine concentrations with PD duration may reflect higher NO synthesis and greater nitrative stress in our cohort. This is in line with a study by Kirbas et al., which showed that NO levels are higher in PD patients compared to healthy controls [41] . It is known that nitrative and oxidative stress contribute to neurodegeneration in PD [42] .
Changes in glutamic acid concentrations seem to be of interest, as this amino acid plays a role as a neurotransmitter in the brain and is involved in the pathogenesis of PD and development of LID. We observed a weak, but significant negative correlation between glutamate concentration and duration of the disease. Some authors suggest that increased serum concentrations of glutamate may reflect increased cerebral glutamatergic activity [43, 44] . Glutamate is also involved in synthesis of glutathione as well as brain energy metabolism. Decreased extracellular glutamate concentrations were observed by Lei et al. in ex vivo models of parkinsonism induced by paraquat, MPP + , and rotenone [45] . The authors hypothesize that glutathione synthesis is directly dependent on glucose metabolism, which correlates with a decrease in the content of the glutathione precursor glutamate. These findings suggest that glutamate levels may be reduced with an increase in oxidative stress as the disease progresses. Other studies on this subject presented contradictory findings of increased concentrations of glutamate in lesioned striata [46, 47] . A study by Iwasaki reported increased glutamate concentration in the plasma of PD patients versus healthy controls, however other studies did not support this finding [17, 18] . It is not clear if changes in striatal levels of glutamate are reflected in plasma or serum.
A study by Wuolikainen et al. emphasizes the role of metabolites of branched-chained amino acids, especially leucine, in maintaining glutamate homeostasis in the brain. It also mentions increased levels of alanine in the plasma and CSF of PD patients [48] . A consistent finding of an increase in concentration of alanine in the plasma and CSF of PD patients, as well as serine and methionine was described in a study performed by Trupp et al., and these authors suggest that changes in concentrations of amino acids and fatty acids reflect altered energy metabolism in PD [7] . In our study we observed alanine levels in serum to be lower in the aPD LID+ group than in the ePD group.
Data on amino acid pattern in the urine of PD patients is scarce. Metabolomic studies conducted on urine report, among others, alterations in tryptophan, glycine and phenylalanine metabolism [49, 50] . Levodopa metabolites are elevated in the urine of treated PD patients [51] .
We conclude that a specific pattern of serum free amino acids including differences in concentrations of phenylalanine, arginine, alanine and threonine differs between early and advanced PD. Changes in glutamate and arginine concentrations may reflect neurodegenerative process of PD.
Limitations
Considering the many factors which may influence amino acid concentrations, such as diet, concomitant disorders, and possible changes in metabolic pathways related to the disease, our findings need further validation, especially regarding potential alterations in energy metabolism in PD patients. It seems crucial for future studies to include different tissue and fluid samples (urine, plasma, CSF) from one patient, which will allow for a more comprehensive analysis. 
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